Introduction
Single-molecule magnets (SMMs) are metal-organic clusters that retain their magnetisation at low temperature after removal from a magnetic field. 1 Although the first known SMM, [Mn 12 O 12 (O 2 CMe) 16 (H 2 O) 4 ]·4H 2 O·2MeCO 2 H (1), was reported in 1980, it was not identified as an SMM until much later. 2, 3 Subsequently there have been many SMMs reported, most based on Mn III chemistry 4 although examples can be found that contain other metal ions. 5, 6 The slow relaxation of the magnetisation that defines SMM behaviour occurs below a characteristic blocking temperature, T B . The highest reported T B to date is ~13.9 K 7 , besting the previous record of 8.3 K set only a few months prior. 8 SMMs are of particular interest because of their potential for storing and processing information at the molecular level. 9, 10 Recent work has focused strongly on integrating SMMs on surfaces and devices, 11 including carbon nanotubes, 12 with the aim of achieving a workable coupling between the nanoscale units and the macroscopic world. 1 possesses an S=10 ground state and a significant axial anisotropy, D ≈ -0.5 cm -1 . 13, 14 It has a blocking temperature of approximately 3 K. 15 The cluster consists of eight Mn III centres surrounding a central Mn IV 4 O 4 cubane, bridged by oxide and acetate ligands. The interstitial voids are filled with water and acetic acid of crystallisation, both of which take part in hydrogen bonding to the complex. The acetic acid molecules are disordered about a 2-fold rotation axis and lie directly between two adjacent {Mn 12 } clusters. The {Mn 12 } cluster lies on a crystallographic S 4 axis and the eight Mn III Jahn-Teller axes are approximately aligned forming a magnetic easy axis. 16 Scans of dc magnetisation vs. field show sharp steps in hysteresis loops at well-defined field strengths. 15, 17 The fast relaxation at these steps is caused by resonant magnetic quantum tunnelling (QTM). According to the fourfold symmetry of the clusters, tunnelling is only permitted for even-to-even M s crossings, i.e. every fourth step is observable; however, QTM is observed for all steps. A previous structural study by Cornia et al. has suggested that the two-fold disorder of the acetic acid of crystallisation leads to six different isomers that make up 1.
16, 18 1 contains 16 acetate ligands, 4 of which are disordered about two positions (1 unique ligand). This disorder is induced by disorder in the acetic acid of crystallisation. There are four symmetry-related acetate ligands that can be affected by this disorder and thus, six isomeric forms exist for 1 that vary in the number of affected sites (n=0, 1, 2 (cis), 2 (trans), 3, 4). 16 Axial symmetry is retained for the n=0 and n=4 isomers but for the other four the symmetry is lowered. It has been suggested that this permits a transverse anisotropy and thus, provides an explanation for the odd-to-odd QTM steps in the hysteresis loops. 18 However, more recently published measurements on a Mn 12 analogue (Mn 12-tBuAc) 19 with full crystallographic axial symmetry show that quantum tunnelling occurs at odd-to-odd steps, even though this should be forbidden. Similarly there is no easy explanation for the odd-to-even and even-to-odd transitions observed for 1. It was suggested that a further consequence of the solvent disorder is that the molecular easy axes are tilted discretely, inducing varying transverse fields. 20 However, this explanation seems to be ruled out by the previous observation of odd-to-odd transitions in both 1 and Mn 12 -tBuAc. Furthermore it is unlikely that dipolar coupling or distributions of molecular environments are responsible either. 19 Antisymmetric exchange has been proposed as a possible explanation, both for this system 21 and for a similar observation in Ni 4 clusters.
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In addition to stepped hysteresis loops below its blocking temperature, 1 also exhibits frequency-dependent ac susceptibility, a feature common to all single-molecule magnets due to their slow relaxation of magnetisation at ultra-low temperature. A curious feature of 1 compared to other SMMs is that there are two frequency-dependent peaks rather than the usual single peak: a large peak at 5-7 K and a much smaller peak at 2-3 K 23 due to slow-relaxing (SR) and fast-relaxing (FR) species respectively. The existence of two magnetic species has also been confirmed by inelastic neutron scattering (INS) measurements and it has been estimated that a typical distribution is 5% FR, 95% SR isomers. 24, 25 It is unclear how these observations are related to the interesting quantum properties described above, or indeed the disorder observed crystallographically. Previous attempts to understand the properties of 1 by structural correlation have utilised structural data measured at much higher temperatures than those at which slow magnetic relaxation is observed. 16, 26 The lowest temperature at which structural data has previously been measured for 1 is 20 K by Langan et al., 26 however disorder in the acetate ligands was not modelled. Thus, the best data that are currently available for 1 were measured at 83 K. 16 2 , such that its magnetisation relaxes much more slowly. High pressure crystallography reveals a structural change commensurate with the change in relaxation rates, specifically related to the switching of a misaligned Jahn-Teller axis into alignment with the magnetic easy axis. 27 Many molecular crystals undergo structural transformations upon cooling as well as under pressure, [28] [29] [30] and it is possible that this could happen to 1 in a way that would influence the ultra-low temperature magnetic properties and quantum behaviour. 
Results and discussion

Structural disorder at ultra-low temperature
Hitherto, no structural studies below 20 K 26 have been performed on 1. At this temperature, the acetate ligand disorder was not observed and has only been modelled in a subsequent 83 K study. 16 In order to rectify this, we carried out an ultra-low temperature structural study using both single-crystal X-ray and single-crystal neutron diffraction. ‡ We present the first structural data for an SMM measured at 2 K, i.e. in the same temperature regime in which hysteresis loops in M vs. H are observed. 1 is easy to handle and is the most-studied SMM in the literature. Furthermore, this study provides an opportunity to better understand the complex disorder inherent to the structure, which influences the observed quantum dynamics of the system. The previous 20 K neutron study 26 performed on a partially deuterated crystal of 1 in conjunction with an 83 K X-ray study 16 describes hydrogen bonding between the coordinated water molecule O12 and (i) the disordered acetate ligand [O12-H12B---O62] and (ii) the water of crystallisation [O12-H12C---O13] (figures 1, 2). The water of crystallisation itself acts as a hydrogen bond donor to O5 and three other possible acceptors O7, O9 and O11. The network of clusters is linked together through the solvent water in this way (figure 2). A hydrogen bond was also reported between the hydroxyl oxygen atom O15 in the solvent acetic acid and O61 of the disordered acetate ligand [O15-H15---O61] (figure 1).
We have solved the heavy-atom structure of 1 at 2 K by using single-crystal X-ray diffraction; hydrogen atoms involved in hydrogen-bonding were located by calculating a Fourier difference map from single-crystal neutron diffraction data at 2 K (see experimental details for further information). By doing so, we have found new evidence for an additional hydrogen-bonding interaction between the acetic acid of crystallisation and the water molecule O12 coordinated to Mn3 [O12-H12A---O14] (figure 3). This discovery neatly ties up a more complete understanding of hydrogen bonding in the region. We can expand on the previous model described by Cornia et al. The whole disordered region can be thought of as two separate components each with 50% occupancy (figure 3); the occupancy is fixed by the location of the acetic acid of crystallisation on a 2-fold rotation axis. Each disorder component is linked with one orientation of the acetic acid. When the acid moiety is facing away from the cluster (shown in orange), there is an intramolecular hydrogen bond from coordinated water O12 to the adjacent acetate ligand O62. When the acid moiety is facing towards the cluster (shown in blue), there are two intermolecular hydrogen bonds from O15 to O61 and from O12 to O14. O61 and O62 are equivalent in that they are essentially the 'same' atom in the ligand but located in one of two different positions as dictated by either inter-or intra-molecular hydrogen bonding. The position of this atom influences the positions of the other atoms in the ligand: O71/O72, C31/C32 and C41/C42 and similar positional disorder is observed. It is clear that the disordered acetic acid is driving this disorder in the ligand atom positions and also in the nature of the hydrogen bonds. The half-occupied hydrogen atoms H12A and H12B uncovered by our neutron experiment confirm the nature of the hydrogen bonding in the region. 
Structural modification by removal of lattice solvent
It has long been postulated that the solvent acetic acid strongly influences the structure of the {Mn 12 } cluster in 1. In order to determine the true extent of this influence we carried out an experiment to desolvate crystals of 1. Thermogravimetric analysis of 1 shows a large weight loss step at 383 K that is thought to correspond to loss of solvent acetic acid and water. Solvent was removed from 1 using a procedure ‡ similar to that devised by Larionova et al., 31 who characterised the desolvated sample using powder X-ray diffraction and determined that the product retained the same space group and unit cell parameters as 1. They claim that this product has both acetic acid and water removed, citing the previous TGA data and the experimentally observed Mn:C ratio as evidence 31 figure 4) , with empty interstitial voids that were previously occupied by acetic acid. In 3 there is no lattice water to transmit hydrogen bonding and the clusters are closer together, maximising attractive dispersion forces. This close-packing could be responsible for the crystal retaining its crystallinity in spite of the removal of the relatively strong hydrogen bonds that previously held the structure together. The cavity that previously held lattice acetic acid is compressed and is too small to hold a molecule of this size ( figure 5 ).
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Removal of lattice acetic acid resolves the disorder in the positions of atoms O61/O62 and O71/O72. These can be modelled as single atoms O6 and O7 in both 2 and 3, confirming that the lattice acetic acid is responsible for the disorder. C31/C32 is still disordered in 2 and C41/C42 is disordered in both 2 and 3; this is unlikely to affect the Jahn-Teller axes on the Mn III centres or indeed the quantum selection rules intrinsic to the molecular symmetry. The angles between the Jahn-Teller axes and the crystallographic c axis in 2 and 3 are broadly similar to those observed previously, bearing in mind that these crystallographic data were collected at 100 K. [O12-O7, 34.13(6)° (2) and 36.38(4)° (3); O5-O6, 11.84(6)° (2) and 13.26(4)° (3)] (see table  S2 ). It is impossible to distinguish between crystals of 2 and 3 visually. Elemental analysis is consistent with the majority of crystals being species 2, with a small amount of 3 present. Thus, we cannot claim to have produced pure samples of axially symmetric {Mn 12 acetate} complexes. However we have shown that full removal of the acetic acid of crystallisation resolves the disorder in the O atoms of the acetate ligands, producing species that have true, unbroken S 4 symmetry. We expect 2 and 3 to exhibit similar QTM dynamics [32] [33] [34] [35] to other fully axial analogues in the Mn 12 family: Mn 12 -tBuAc and Mn 12 -BrAc. Hence, we are refining the single-crystal to single-crystal method used to produce species 2 and 3, in order that we can selectively produce pure samples of either material for further study.
Conclusions
This study represents the first structural data collected for a at the same temperature as slow magnetic relaxation / hysteresis is observed, i.e. 2 K. We have described a more complete model of the disorder and hydrogen-bonding network inherent to the structure by using a combination of ultra-low temperature single-crystal Xray and single-crystal neutron diffraction experiments. We have found an additional hydrogen bond in the disordered region that contributes to a clear understanding of how the lattice solvent transmits disorder to the {Mn 12 (3), prepared from 1 via singlecrystal to single-crystal transformations, we have determined that disorder in the acetic acid of crystallisation is responsible for the positional disorder in an acetate ligand. Upon removal of the acetic acid of crystallisation, the positional disorder in the acetate ligand O6/O7/C3/C4 is largely resolved. An extended network is created by a series of hydrogen bonds between {Mn 12 } clusters that take place through water of crystallisation. This network is preserved, even in the absence of acetic acid of crystallisation (in 2), however when solvent water is removed (in 3) the network is modified such that {Mn 12 } clusters are significantly closer together. We plan to carry out further studies encompassing measurement of dc magnetisation vs. field, HF-EPR and NMR of 2 and 3 in order to understand their quantum behaviour in the context of 1 and other members of the Mn 12 family. 36 A black crystal of 1 (size 0.1 x 0.1 x 1.0 mm) was mounted on a graphite rod and placed inside the cryostat of the XIPHOS diffractometer 37 (Mo Kα radiation, λ = 0.71073 Å) at Durham University and cooled to 2 K. The system has a minimum operating temperature of 1.9 K, achieved using a modified two-stage closed-cycle refrigerator enhanced with an additional Joule-Thompson stage. Data were integrated using SAINT 38 and empirical absorption corrections using equivalent reflections were performed with the program SADABS. 39 Neutron Laue data were collected using the Very-Intense Vertical-Axis Laue Diffractometer at Institut Laue-Langevin, Grenoble. 40, 41 The instrument has a minimum operating temperature of 1.5 K, achieved using a standard ILL 'orange' cryostat. A black crystal of 1 (size 0.2 x 0.2 x 1.0 mm) was mounted on a vanadium rod perpendicular to the incident beam. The sample used for the neutron study was not deuterated; indeed the negative scattering density from the hydrogen atoms was particularly advantageous in identifying their positions within the structure. 7 Laue patterns were collected for equally-spaced sample orientations, from 0° to 90° around the vertical rotation axis, covering a little more than a quadrant of reciprocal space. Cell parameters were taken from X-ray data at 2 K, and the Laue patterns were indexed using LAUEGEN. Background-corrected integrated intensities were extracted using ARGONNE_BOXES. Normalisation to a common wavelength was performed over the wavelength range 0.9-2.8 Å using LAUENORM.LAUEGEN 42 and LAUENORM 43 are part of the Daresbury Laue Suite, while ARGONNE_BOXES is an in-house two-dimensional adaptation of the three-dimensional minimum σ(I)/I routine. 44 X-ray data were used to determine cell parameters at 2 K as these are not derived from the Laue experiment. The heavy atom structure of 1 was solved and refined from X-ray data using the programs SHELXS-97 45 AND SHELXL-97 45 respectively. Hydrogen atoms in methyl groups were placed in calculated positions. This structural model was allowed to refine against the neutron data. Hydrogen atoms attached to coordinated and lattice water molecules, as well as the acidic hydrogen belonging to the solvent acetic acid, were found in a Fourier difference map calculated from the neutron data. The neutron data are especially useful in this regard due to the sensitivity of neutrons to hydrogen atoms. Finally the model was again refined against X-ray data with the located H atoms restrained. 46 (Mo Kα radiation, λ = 0.71073 Å). Data were integrated using DENZO 47 and empirical absorption corrections using equivalent reflections were performed with the program SADABS. 39 The structures were solved using the program Superflip 48 and refined using the least-squares refinement routine implemented within CRYSTALS. 
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